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Title of The Invention 

Object Position Detector With Edge Motion Feature 



Background-Of— The-lnvention 

5 1. FMd Of ThB Invention 

The present invention relates to object position sensing transducers and systems. 
More particularly^ the present invention relates to object position recognition useful in applications 
such as cursor movement for computing devices and other applications, and especially to cursor 
movement with enhanced edge-motion features. 

10 2. Th0 Prior Art 

Numerous devices are available or have been proposed for use as object position 
detectors for use in computer systems and other applications. The most familiar of such devices is 
the computer "mouse". While extremely popular as a position indicating device, a mouse has 
mechanical parts and requires a surface upon which to roll its position ball. Furthermore, a 
15 mouse usually needs to be moved over long distances for reasonable resolution. Finally, a mouse 
requires the user to lift a hand from the keyboard to make the cursor movement, thereby upsetting 
the prime purpose, which is usually typing on the computer. 

Trackball devices are similar to mouse devices. A major difference, however is 
that, unlike a mouse device, a trackball device does not require a surface across which it must be 
20 roUed. Trackball devices are still expensive, have moving parts, and require a relatively heavy 
touch as do the mouse devices. They are also large in size and doe not fit well in a volume- 
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sensitive application like a laptop computer. 

There are several available touch-sense technologies which may be employed 
use as a position indicator. Resistive-membrane position sensors are known and used i' i 
applications. However, they generally suffer from poor resolution, the sensor surface is e^pd 
to the user and is thus subject to wear. In addition, resistive-membrane touch sensors 
relatively expensive. A one-surface approach requires a user to be grounded to the sensor 
reliable operation. This cannot be guaranteed in portable computers. Anexampleof aone-surl 
approach is the UnMouse product by MicroTouch, of WUmington, MA A two-surface appro 
has poorer resolution and potentially will wear out very quickly in time. 

Resistive tablets are taught by United States Patent No. 4,680,430 to Yoshikai 
United States Patent No. 3,497,617 to Ellis and many others. The drawback of all s 
approaches is the high power consumption and the high cost of the resistive membrane employ 

Surface Acoustic Wave (SAW) devices have potential use as position indicat 
However, this sensor technology is expensive and is not sensitive to light touch. In addit 
SAW devices are sensitive to residue buildup on the touch surfaces and generally have p 
resolution. 

Strain gauge or pressure plate approaches are an interesting position s 
technology, but suffer from several drawbacks. This approach may employ piezo-e.^. 
transducers. One drawback is that the piezo phenomena is an AC phenomena and may 
sensitive to the user's rate of movement In addition, strain gauge or pressure plate approaches 
somewhat expensive because special sensors are required. 

Optical approaches are also possible but are somewhat limited for several rea*: 
All would require Ught generation which wiU require external components and increase cost 
power drain. For example, a "finger-breaking" infra-red matrix position detector consumes li 
power and suffers from relatively poor resolution. 

There have been numerous attempts to provide a device for sensing the positioi 
a tiiumb or other finger for use as a pointing device to replace a mouse or trackball. Desin 
attiibutes of such a device are low power, low profile, high resolution, low cost, fast respoi 
and ability to operate reUably when the finger carries electrical noise, or when the touch surfac 
contaminated with dirt or moisture. 

Because of the drawbacks of resistive devices, many attempts have been to? ' 
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provide pointing capabiUty based on capacitively sensing the position of the finger. United States 
Patent No. 3,921.166 to Volpe teaches a capacitive matrix in which the finger changes the 
transcapacitance between row and column electrodes. United States Patent No. 4,103,252 to 
Bobick employs four oscillating signals to interpolate x and y positions between four capacitive 
electrodes. United States Patent No. 4.455,452 to Schuyler teaches a capacitive tablet wherein the 
finger attenuates the capacitive coupling between electrodes. 

United States Patent No. 4.550.221 to Mabusth teaches a capacitive tablet wherein 
the effective capacitance to "virtual ground" is measured by an oscillating signal. Each row or 
column is polled sequentially, and a rudimentary form of interpolation is applied to resolve the 
position between two rows or columns. An attempt is made to address the problem of electrical 
interference by averaging over many cycles of t he oscillating waveform. T he problem of 
•contamination is addressed by sensing when no finger was present, and applying a periodic 
calibration during such no-fmger-present periods. United States Patent No. 4.639.720 to 
-Rympalsld-teaches-a-tablet-for-sensing-the -position-of-a-stylus. Jhe. styl^^^^ 



transcapacitance coupling between row and column electrodes, which are scanned sequentially. 
United States Patent No. 4,736,191 to Matzke teaches a radial electrode arrangement under the 
space bar of a keyboard, to be activated by touching with a thumb. This patent teaches the use of 
total touch capacitance, as an indication of the touch pressure, to control the velocity of cursor 
motion. Pulsed sequential polUng is employed to address the effects of electrical interference. 

United States Patent Nos. 4.686,332 and 5,149,919, to Greanias, teaches a stylus 
and finger detection system meant to be mounted on a CRT. As a finger detection system, it's 
X/Y sensor matrix is used to locate the two matrix wires carrying the maximum signal. With a 
coding scheme these two wires uniquely determine the location of the finger position to the 
resolution of the wire stepping. For stylus detection, Greanias first coarsely locates it, then 
develops a virtual dipole by driving all lines on one side of the object in one direction and all lines 
on the opposite side in the opposite direction. This is done three times with different dipole phases 
and signal polarities. Assuming a predetermined matrix response to the object, the three 
measurements present a set of simultaneous equations that can be solved for position. 

United States Patent No. 4,733,222 to Evans is the first to teach a capacitance 
touch measurement system that interpolates to a high degree. Evans teaches a three terminal 
measurement system that uses a drive, sense and electfode signal set (3 signals) in its matrix, and 
bases the measurement on the attenuation effect of a finger on the electrode node signal (uses a 
capacitive divider phenomena). Evans sequentially scans tiirough each drive set to measure the 
capacitance. From the tiiree largest responses an interpolation routine is appUed to determine 
finger position. Evans also teaches a zeroing technique that aUows "no-finger" levels to be 
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cancelled out as part of the measurBment. 

United States Patent No. 5,016,008 to Gniaz describes a touch sensitive pad i 
also uses interpolation. Gruaz uses a drive and sense signal set (2 signals) in the touch mi 
like Evans relies on the attenuation effect of a finger to modulate the drive signal. The toi; 
matrix is sequentially scanned to read the response of each matrix line. An interpolation progr; 
then selects the two largest adjacent signals in both dimensions to determine the finger locatii 
and ratiometrically determines the effective position from those 4 numbers. 

Gerpheide, PCT application US90/04584, publication No. W09 1/03039, Unii 
States Patent No. 5,305,017 applies to a touch pad system a variation of the virtual dip< 
approach of Greanias. Gerpheide teaches the application of an oscUlating potential of a giv 
frequency and phase to all electrodes on one side of the virtual dipole,and an oscillating potent 
of the same frequency and opposite phase to those on the other side. Electronic circuits develo;| 
"balance signal" which is zero when no finger is present, and which has one polarity if a fmgei: 
on one side of the center of the virtual dipole, and the opposite polarity if die finger is on i: 
opposite side. To acquire the position of the fuiger initially, the virtual dipole is scann. 
sequenUally across the tablet. Once the finger is located, it is "tracked" by moving the virti 
dipole toward the finger once the finger has moved more than one row or column. 

Because the virtual dipole method operates by generating a balance signal t 
zero when the capacitance does not vary with distance, it only senses the perimeter of the fm^i 
contact area, rather than the entire contact area. Because the method relies on synchronoi 
detection of the exciting signal, it must average for long periods to reject electrical interference, ai 
hence it is slow. The averaging time required by this method, together with the necessity to scan 
sequentially for a new finger contact once a previous contact is lost, makes this method, like the 
before it, fall short of the requirements for a fast pointing device that is not affected by electric 
interference. 

It should also be noted that all previous touch pad inventions that used interpolatii 
placed rigorous design requirements on their sensing pad. Greanias and Evans use a compUcatii 
and expensive drive, sense and electrode line scheme to develop their signal. Gruaz and Gerpheic 
use a two signal drive and sense set. In the present invention the driving and sensing is done c 
the same Une. This allows the row and column sections to be symmetric and equivalent This 
turn allows independent caUbration of all signal paths, which makes board layout simpler and lej 
constraining, and allows for more unique sensor topologies. 



The shortcomings of the inventions and techniques described in the prior art 
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also be traced to the use of only one set of driving and sensing electronics, which was multiplexed 
sequentially over the electrodes in the tablet. This arrangement was cost effective in the days of 
discrete componrats, and avoided offset and scale differences among circuits. 

The sequential scanning approach of previous systems also made them more 
5 susceptible to noise. Noise levels could change between successive measurements, thus changing 
the measured signal and the assumptions used in interpolation routines. 

Finally, all previous approaches assumed a particular signal response for finger 
position versus matrix position. Because the transfer curve is very sensitive to many parameters 
and is not a smooth linear curve as Greanias and Gerpheide assume, such approaches are limited 
10 in the amount of interpolation they can perform. 

In prior co-pending application serial No. 08/1 15,743, filed August 31, 1993, now 

United-States-Patent No. ^a two-dimensional capacitive sensinp-svstem equipped — 

with a separate set of drive/sense electronics for each row and for each column of a capacitive 
tablet is disclosed. All row electrodes are sensed simultaneously, and all column electrodes are 
15 sensed simultaneously. The sensed signals are processed by analog circuitry. 

It is thus an object of the present invention to provide a two-dimensional capacitive 
sensing system equipped with a separate set of drive/sense electronics for each row and for each 
column of a capacitive tablet, wherein all row electrodes are sensed simultaneously, and all column 
electrodes are sensed simultaneously. 

20 It is a further object of the present invention to provide an electronic system that is 

sensitive to the entire area of contact of a finger or other conductive object with a capacitive tablet, 
and to provide as output the coordinates of some measure of the center of this contact area while 
remaining insensitive to the characteristic profile of the object being detected. 

It is a further object of the present invention to provide an electronic system that 
25 provides as output some measure of area of contact of a finger or other conductive object with a 
capacidve tablet 

Yet another object of the present invention is to provide a two-dimensional 
capacitive sensing system equipped with a separate set of drive/sense electronics for each row and 
for each column of a capacitive tablet, wherein all row electrodes are sensed simultaneously, and 
30 all column electrodes are sensed simultaneously and wherein the information defining the location 
of a finger or other conductive object is processed in digital form. 
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It is a further object of the present invention to provide a two-dimensio 
capadtive sensing system wheiein all row electrodes are sensed simultaneously, and all colu 
electrodes are sensed simultaneously and wherein the location of a finger or other conducil 
object within a peripheral region of a sensing plane can optionally cause cursor "edge mot* : 
di^lay screen allowing control of large cursor excursions from a small sensing plane with a sui 
gesture. 



Brief Description Of Ttie invention 

With the advent of very high levels of integration, it has become possible 
integrate many channels of driving/sensing electronics into one integrated circuit, along with 
control logic for operating them, and the interface electronics to allow the pointing device 
communicate directly with a host microprocessor. The present invention uses adaptive anal 
techniques to overcome offset and scale differences between channels, and can thus sense eitl 
transcapacitance or self-capacitance of all tablet rows or colunms in parallel. This parallel-sens; 
capability, made possible by providing one set of electronics per row or column, allows 
sensing cycle to be extremely short, thus allowing fast response while still maintaining immuri 
to very high levels of electtical interference. 

The present invention comprises a position-sensing technology particulariy 
for applications where finger position information is needed, such as in computer "mouse 
trackball environments. However the position-sensing technology of the present invention 1: 
much more general application than a computer mouse, because its sensor can detect and repor 
one or more points are being touched. In addition, the detector can sense the pressure of I 
touch. 

According to a preferred embodiment of the present invention, referred to herein, 
a "finger pointer" embodiment, a position sensing system includes a position sensing transduc 
comprising a touch-sensitive surface disposed on a substrate, such as a printed circuit boai 
including a matrix of conductive lines. A first set of conductive lines runs in a first direction and 
insulated from a second set of conductive lines running in a second direction general 
perpendicular to the first direction. An insulating layer is disposed over the first and second si 
of conductive lines. The insulating layer is thin enough to promote significant capacitive coupli. 
between a finger placed on its surface and the first and second sets of conductive lines. 

Sensing electronics respond to the proximity of a finger, conductive object, or 
object of high dielectric constant (i.e., greater than about 5) to translate the capacitance change 
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the conductors caused by object proximity into digital information which is processed to derive 
position and touch pressure information. Its output is a simple X, Y and pressure value of the one 
object on its surface. In all descriptions herein, fingers are to be considered interchangeable with 
conductive objects and objects of high dielectric constant 

5 Different prior art pad scan techniques have different advantages in different 

environments. Parallel drive/sense techniques according to the present invention allow input 
samples to be taken simultaneously^ thus all channels are affected by the same phase of an 
interfering electrical signal, greatly simplifying the signal processing and noise filtering. 

There are two drive/sense methods employed in the touch sensing technology of 
10 the present invention. According to a first and presently preferred embodiment of the invention, 

the~vdrtages~onTir 0^ siniultaneously~movedr while the* 

voltages of the Y lines are held at a constant voltage, with the complete set of sampled points 
simultaneously giving a pr ofile o f the finger i n the X dimension. Next, the voltag es on aU^fthe_ Y^ 

lines of the sensor matrix arc simultaneously moved, while the voltages of the X lines are held at a 
15 constant voltage to obtain a complete set of sampled points simultaneously giving a profile of the 

finger in the other dimension. 

According to a second drive^sense method, the voltages on all of the X lines of the 
sensor matrix are simultaneously moved in a positive direction, while the voltages of the Y lines 
are moved in a negative direction. Next, the voltages on all of the X lines of the sensor matrix arc 
20 simultaneously moved in a negative direction, while the voltages of the Y lines are moved in a 
positive direction. This technique doubles the effect of any transcapacitance between the two 
dimensions, or conversely, halves the effect of any parasitic capacitance to ground. In both 
methods, the capacitive information from the sensing process provides a profile of the proximity 
of the finger to the sensor in each dimension. 

25 As presently preferred, both embodiments then take these profiles and derive a 

digital value representing the centroid for X and Y position and derive a second digital value for 
the Z pressure information. The digital information may be directly used by a host computer. 
Analog processing of the capacitive information may also be used according to the present 
invention. 

30 The position sensor of these embodiments can only report the position of one 

object on its sensor surface. If more than one object is present, the position sensor of this 
embodiment computes the centroid position of the combined set of objects. However, unlike prior 
art, because the entire pad is being profiled, enough information is available to discern simple 
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muld-finger gestures to allow for a more powerful user interface. 

According to another aspect of the present invention, several power reduct 
techniques which can shut down the circuit between measurements have been integrated 
system. This is possible because the parallel measurement technique according to the piai 
invention is so much faster than prior art techniques. 

According to a further aspect of the invention, a variety of noise reduct: 
techniques are integrated into the system. 

According to yet another aspect of the present invention, a capacitaii 
measurement technique which is easier to calibrate and implement is employed. 

According to another aspect of the present invention, when the presence of a fini 
or other conductive object is sensed within a defined peripheral region of the sensing plane, i 
control of cursor motion may be changed to provide "edge motion" to allow control of large cui- 
excursions on a display screen from a single gesture executed on a small sensing plane. 

Brief Description Of Tlie Drawings 

Figure 1 is an overall block diagram of the capacitive position sensing syst 
the present invention. 

Figure 2a is a top view of an object position sensor transducer according tc 
presently preferred embodiment of the invention showing the object position sensor surface h\ 
including a top conductive trace layer and conductive pads connected to a bottom trace layer. 

Figure 2b is a bottom view of the object position sensor transducer of FIG. 
showing the bottom conductive trace layer. 

Figure 2c is a composite view of the object position sensor transducer of FIGS. : 
and 2b showing both the top and bottom conductive trace layers. 

Figure 2d is a cross-sectional view of the object position sensor transducer 

FIGS. 2a-2c. 

Figure 3 is a block diagram of sensor decoding electronics which may be used wi 
the sensor transducer in accordance with a preferred embodiment of the present invention. 
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Figure 4a is a simplified schematic diagram of a charge integrator circuit which 
may be used in the present invention. 

Figure 4b is an illustrative schematic diagram of the charge integrator circuit of 

FIG. 4a. 

Figure 5 is a timing diagram of the operation of charge integrator circuit of FIGS. 

4a and 4b. 

Figure 6 is a schematic diagram of an illustrative filter and sample/hold circuit for 
use in the present invention. 

A/D converters for use in the present invention. 



Figure 8 is a block diagram of an illustrative arithmetic unit which may be used in 
the present invention. 

Figure 9 is a block diagram of a calibration unit which may be used with the 
arithmetic unit of FIG. 8. 

Figure 10 is a schematic diagram of a bias voltage generating circuit useful in the 
present invention. 

Figure 11 is a diagram of the sensing plane illustrating the edge motion feature of 
the object position sensor of the present invention. 

Figure 12 is a schematic diagram illustrating hardware implementation of the 
determination of whether a fmger or other object is present in the peripheral regions of the sensing 
plane. 

Figure 13 is a schematic diagram illustrating hardware implementation of the edge 
motion feature of the present invention. 



Figures 14a-14c are flow diagrams illusorating a process according to the present 
invention for recognizing tap and drag gestures. 
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Detailed Description Of A Preferred Embodiment 

This application is a continuation-in-part of co-pending application serial 

08/ , filed September 2, 1994, which is a continuation-in-part of co 

application serial No. 08/115,743, filed August 31, 1993, now United States Patent 

5 , which is a continuation-in-part of co-pending application serial No. 07/895,934, f: 

June 8, 1992. The present invention continues the approach disclosed in the parent applicati 
and provides more unique features not previously available. These improvements provide a m 
easily integrated solution, increased sensitivity, and greater noise rejection, increased c 
acquisition rate and decreased power consumption. The present invention allows for continu 

10 self calibration to subtract out the effects of environmental changes and allows for enhanced cuj 
control from edge motion on a sensing plane. 

Those of ordinary skill in the art will realize that the following description of 
present invention is illustrative only and not in any way limiting. Other embodiments of 
invention will readily suggest themselves to such skilled persons. 

15 The present invention brings together in combination a number of unique feati 

which allow for new applications not before possible* Because the object position sensor of 
present invention has very low power requirements, it is beneficial for use in battery operate! 
low power applications such as lap top or portable computers . It is also a very low cost sc 
has no moving parts (and is therefore virtually maintenance free), and uses the existing pint 

20 circuit board traces for sensors. The sensing technology of the present invention can be integn 
into a computer motherboard to even further lower its cost in computer applications. Sinularl> 
other applications the sensor can be part of an already existent circuit board. 

Because of its small size and low profile, the sensor technology of the pre: 
invention is useful in lap top or portable applications where volume is an important considerat: 
25 The sensor technology of the present invention requires circuit board space for only a sir 
sensor interface chip that can interface directly to a microprocessor, plus the area needed on 
printed circuit board for sensing. 

Referring first to FIG. 1, a simplified block diagram of the capacitive posii 
sensing system 6 of the present invention is presented. Capacitive position sensing system 6 
30 accurately determine the position of a finger 8 or other conductive object proximate to or toucl: 
a sensing plane 10. The capacitance of a plurality of conductive lines running in a first direci 
{e.g., "X") is sensed by X input processing circuitry 12 and the capacitance of a pluralitj 
conductive lines running in a second direction (e.g., "V) is sensed by Y input proce 



10 
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Circuitry 14. The sensed capacitance values are digitized in both X input processing circuitry 12 
and Y input processing circuitry 14. Tht outputs of X input processing circuitry 12 and Y input 
processing circuitry 14 are presented to arithmetic unit 16. which uses the digital information to 
derive digital information representing the position and pressure of the finger 8 or other conductive 
object relative to the sensing plane 10. 

The X, Y, and Z outputs of arithmetic unit 16 are directed to motion unit 18 which 
provides the cursor motion direction signals to the host computer. The X, Y, and Z outputs of 
arithmetic unit 16 are also directed to gesture unit 20, which is used to recognize certain finger 
gestures performed by a user on sensing plane 10. The virtual button output from gesture unit 20 
may be used by motion unit 18 to implement some of the functionality of motion unit 18. 



^j^^^ material can be anytfiinglfiarallowsmatiofrof a conducuve -X/Y 
matrix of pads. This includes not only standard PC boards, but also includes but is not limited to 
-flexible PC boards. conductive-elastomer_materials. .siUc-screened conductive^tines. and piezo^ 
electric Kynar plastic materials. This renders it useful as well in any portable equipment 
appUcation or in human interface where the sensor needs to be molded to fit widun the hand. 

The sensor can be conformed to any three dimensional surface. Copper can be 
plated in two layers on most any surface contour producing the sensor. This will allow tht sensor 
to be adapted to the best ergonomic form needed for any particular appUcation. This coupled with 
the "Ught-touch" feature will make it effortless to use in many appUcations. The sensor can also 
be used in an indirect manner, i.e it can have an insulating foam material covered by a conductive 
layer over the touch sensing surface and be used to detect any object (not just conductive) that 
presses against it's surface. 

Small sensor areas are practical. i.e., a presentiy conceived embodiment takes 
about 1.5-x 1.5" of ax«a. however those of ordinary skiU in the art will recognize tiiat tiie area is 
scaleable for different appUcations. TTie matrix area is scaleable by either varying the matrix trace 
spacing or by varying the number of traces. Large sensor areas are practi:cal where more 
information is needed. 

Besides simple X and Y position information, the sensor technology of the present 
invention also provides finger pressure information. This additional dimension of information may 
be used by programs to control special features such as "brush-widtii" modes in Paint programs, 
special menu accesses, etc.. allowing provision of a more natural sensory input to computers. It 
has also been found useful for implementing "mouse cUck and drag" modes and for simple input 
gestures. 
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Tie user wiU not even have to touch the surface to generate the minimum icacti. 
Ihis feature can greatly minimize user strain and allow for more flexible use. 

The sense system of the present invention depends on a transducer device 1 
of providing position and pressure information regarding the object contacting the transauc 
Referring now to HGS. 2a-2d, top, bottom, composite, and cross-sectional views, respective 
are shown of a presendy-preferred sensing plane 10 comprising a touch sensor array 22 for us<: 
the presem invention. Since capacitance is exploited by this embodiment of the present inventii 
the surface of touch sensor array 22 is designed to maximize the capacitive coupling to a fmger 
other conductive object 

A presenUy preferred touch sensor array 22 according to the present inventi 
comprises a substrate 24 including a set of first conductive traces 26 disposed on a top surface 
thereof and run in a first direction to comprise row positions of the array. A second set 
conductive traces 30 are disposed on a bottom surface 32 thereof and run in a second directi 
preferably orthogonal to die first direction to form the column positions of the array. The top a 
bottom conductive traces 26 and 30 are alternately in contact with periodic sense pads 
comprising enlarged areas, shown as diamonds in HGS. 2a-2c. While sense pads 34 are shoi 
as diamonds in HGS. 2a-2c, any shape, such as circles, which allows them to be closely pack 
is equivalem for purposes of this invention. As an arbitrary convention herein, die first conducti 
traces 26 will be referred to as being oriented in the •'X" or "row" direction and may be refer 
herein sometimes as "X lines" and the second conductive traces 30 will be referred to as bcu 
oriented in the "Y" or "column" direction and may be referred to herein sometimes as ' Y lines". 

The number and spacing of these sense pads 34 depends upon die resoluti. 
desired. For example, in an acttial embodiment constructed according to die principles of t 
present invention, a 0.10 inch center-to-center diamond-shaped pattern of conductive pa 
disposed along a matrix of 15 rows and 15 columns of conductors is employed. Every otii 
sense pad 34 in each direction in tiie pad pattern is connected to conductive traces on die top ai 
bottom surfaces 28 and 32, respectively of substrate 24. 

Substrate 24 may be a printed circuit board, a flexible circuit board or any of 
number of available circuit interconnect technology structuies. Its diickness is unimportant as loi 
as contact may be made diereUirough from die bottom conductive traces 30 to dwir sense pads : 
on the top surface 28. The printed circuit board comprising substrate 24 can be constructed usii 
standard industry techniques. Board diickness is not important. Connections from die conducti^ 
pads 34 to die bottom traces 30 may be made employing standard plated-dirough hole techniqu. 
well known in die printed circuit board art. 
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In an alternate embodiment of the presem invention, the substrate material 24 may 
have a thickness on the order of 0.005 to 0.010 inches. Then the diamonds on the upper surface 
28 and the plated through holes that comiect to the lower surf ace traces 30. can be omitt^^ 

leducing the cost of the system. 

5 An insulating layer 36 is disposed over the sense pads 34 on top surface 28 to 

iru^ulate a human finger or other object therefrom. Insulating layer 36 is preferably a thm layer 
(i e approximately 5 mils) to keep capacitive coupling large and may comprise a material, such as 
myl^ chosen for its protective and ergonomic characteristics. The tenn "significant capacmve 
coupling" as used herein shall mean capacitive coupUng having a magnitude gi^ater than about 0.5 

10 pF. 

_____ 

touch sensor array 22. The first capacitive effect is trans-capacitance, or coupling between sense 

-pads 34-and the-second-capacitive-effect is self-capaci^^^^^^^ 

Sensing'circuitry is coupled to the sensor array 22 of the present invention and responds to 
changes in either or both of these capacitances. This is important because the relative sizes of the 
two capacitances change gready depending on the user enviromnent The ability of the present 
invention to detect changes in both self capacitance and trans-capacitance results in a very versaule 
system having a wide range of applications. 

According to the preferred embodimem of the invention, a position sensor system 
including touch sensor array 22 and associated position detection circuitry will detect a fmger 
position on a matrix of printed circuit board traces via the capacitive effect of fmger proximity to 
the sensor array 22. Hie position sensor system wiU report die X. Y position of a finger placed 
near the sensor array 22 to much fmer resolution than die spacing between die row and column 
traces 26 and 30 The position sensor according to tfiis embodiment of the invention wUl also 
report a Z value proportional to die oudine of diat fmger and hence indicative of the pressure widi 
which the finger contacts die surface of insulating layer 36 over die sensing array 22. 

According to die presendy preferred embodiment of die invention, a very sensitive, 
Ught-touch detector circuit may be provided using adaptive analog and digital VLSI techniques, 
•me circuit of die present invention is very robust and calibrates out process and systemanc errors^ 
nie detector circuit of die present invention will process die capacitive input informauon and 
provide digital information which may be presented direcdy to a microprocessor. 

According to diis embodimem of die invention, sensing circuitry is contained on a 
single sensor processor integrated circuit chip. Hie sensor processor chip can have any number of 
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X and Y "matrix" inputs. The number of X and Y inputs does not have to be equal. T 
Integrated circuit has a digital bus as output In the illustrative example disclosed in FIGS. 2a- 
herein, the sensor array has 15 traces in both the X and Y directions. The sensor processor cli 
thus has 15 X inputs and 15 Y inputs. An actual embodiment constructed accordin/ 
principles of the present invention employed 18 traces in the X direction and 24 traces in the 
direction. Those of ordinaiy skiU in the art will recognize that the size of the sensing matrix whi 
may be employed in the present invention is arbitrary and will be dictated largely by design choic 

The X and Y matrix nodes are driven and sensed in paraUel, with the capaciti 
infoimation from each line indicating how close a Hnger is to that node. The scanned informati. 
provides a profile of the finger proximity in each dimension. According to this aspect of t 
presem invention, the profile centroid is derived in both the X and Y directions and is the positi< 
in diat dimension. The profile curve of proximity is also integrated to provide the Z information. 

There arc two drive and sense methods employed in the touch sensing technolo;! 
of the presem invention. According to a first and presendy prefeired embodiment of die inventia 
the voltages on aU of the X Unes of the sensor matrix are simultaneously moved, whUe tl 
voltages of the Y lines are held at a constant voltage. Next, the voltages on all of the Y lines of tit 
sensor matrix are simultaneously moved, while the voltages of the X lines are held at a consta. 
voltage. This scanning method accentuates the measurement of capacitance to virtual grouii 
provided by the finger. Those of ordinaiy skill in die art wiU recognize that order of these 
steps is somewhat arbitrary and may be reversed. 

According to a second drive/sense method, the voltages on all of die X lines of tli 
sensor matrix are simultaneously moved in a positive direction, while the voltages of the Y lin« 
are moved in a negative direction. Next, the voltages on all of the X lines of the sensor matrix ai 
simultaneously moved in a negative direction, while the voltages of the Y lines are moved in 
positive direction. This second drive/sense method accentuates transcapacitance and de 
emphasizes virtual ground capacitance. As with the first drive/sense method, those of ordinal- 
skill in the art wUl recognize that order of these two steps is somewhat arbitrary and may b 
reversed. 

Referring now to HG. 3. a block diagram of the presendy preferred sensin; 
circuitry 40 for use according to the present invention is presented. This block diagram, and dn 
accompanying disclosure, relates to the sensing circuitry in one dimension (X) only, and include 
die X input processing circuitry 12 of FIG. 1. Thoseof ordinary skiU in the art wiU appreciate th£ 
an identical circuit would be used for sensing die opposite (Y) dimension and would include die '1 
input processing circuitry 14 of HG. 1. Such skilled persons will further note tiiat tiie t 
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dimensions do not need to be orthogonal to one another. For example, they can be radial or of any 
other nature to match the contour of the touch sensor array and other needs of the system. Those 
of ordinary skill in the art will recognize that the technology disclosed herein could be applied as 
well to a one-dimensional case where only one set of conductive traces is used. 

5 The capacitance at each sensor matrix node is represented by equivalent capacitors 

42-1 through 42-n. The capacitance of capacitors 42-1 through 42-n comprises the capacitance of 
the matrix conductors and has a characteristic background value when no object (e.g., a finger) is 
proximate to the sensing plane of the sensor matrix. As an object approaches the sensing plane the 
capacitance of capacitors 42-1 through 42-n increases in proportion to the size and proximity of the 

10 object. 

According to"the present inveiiidonrthe capacitance^f each^ensor matrix node is - 

measured simultaneously using charge integrator circuits 44-1 through 44-n. Charge-integrator 
circuits-44-1 through -44rn -serve. io_inject charge intojiie capacitances 42-1 jhrough 42-n^ 

respectively, and to develop an output voltage proportional to the capacitance sensed on the 
15 corresponding X matrix line. Thus charge-integrator circuits 44-1 through 44-n are shown as 

bidirectional amplifier symbols. Each charge-integrator circuit 44-1 through 44-n is suppUed with 

an operating bias voltage by bias-voltage generating circuit 46. 

As used herein, the phrase "proportional to the capacitance" means that the voltage 
signal generated is a monotonic function of the sensed capacitance. In die embodiment described 

20 herein, tiie voltage is diiecUy and Unearly proportional to the capacitance sensed. Those of 
ordinary skill in the art will recognize that other monotonic functions, including but not limited to 
inverse proportionaUty, and non-Unear proportionality such as logarithmic or exponential 
functions, could be employed in the present invention without departing from the principles 
disclosed herein. In addition current-sensing as weU as voltage-sensing techniques could be 

25 employed. 

According to a presentiy preferred drive/sense method used in the present 
invention, die capacitance measurements are performed simultaneously across all inputs in one 
dimension to overcome a problem which is inherent in all prior art approaches that scan individual 
inputs. The problem with die prior-ait approach is that it is sensitive to high frequency and large 
30 ampUtude noise (large dv/dt noise) that is coupled to the circuit via the touching object Such noise 
may distort the finger profile because of noise appearing in a later scan cycle but not an earUer one, 
due to a change in the noise level. 

The present invention overcomes tius problem by "taking a snapshot" of all inputs 
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Simultaneously in X and then Y directions (or visa versa). Because the injected noise 
proportional to the finger signal strength across all inputs, it is therefore symmetric around i 
finger centroid. Because it is symmetric around the finger centroid it does not affect the fin 
position. Additionally, the charge amplifier performs a differential measuring function u 1 
reject common-mode noise. 

Because of the nature of the charge integrator circuits 44-1 through 44-n, thi 
outputs will be changing over time and will have the desired voltage output for only a short tiii 
As presently preferred, filter circuits 48-1 through 48.n are implemented as sample and h. 
switched capacitor filters. 

The desired voltage is captured by the filter circuits 48-1 through 48-n. 
controUed by control circuitry, 56, the filter circuits 48-1 through 48.n wUl filter out any hi 
frequency noise from the sensed signal. This is accomphshed by choosing the capacitor for i 
filter to be much larger than the output capacitance of charge integrator circuits 44-1 through 44 
In addition, those of ordinary skiU in the art wUl recognize that the switched capacitor filter circi 
48-1 through 48-n will capture the desired voltages and store them. 

According to the present invention, the capacitance information obtained in volui 
form from the capacitance measurements is digitized and processed in digital format According 
the voltages stored by filter circuits 48-1 through 48-n are stored in sample/hold circuit 
through 50-n so that the remainder of the circuitry processes input data taken at the same ui. 
Sample/hold circuits 50-1 dirough 50-n may be configured as conventional sample/hold circuits 
is well known in the art. 

The sampled analog voltages at the outputs of sample/hold circuits 50-1 throu 
50-n are digitized by analog-to-digital (A/D) converters 52. As presenUy preferred, A 
converters 52 resolve the input voltage to a 10-bit wide digital signal (a resolution of one part 
1.024). although those of ordinary skill in the art will reaUze that other resolutions may 
employed. A/D converters 52 may be conventional successive approximation type converters a.s 
known in the art, 

Given the charge integrator circuitry employed in the present invention. i 
background level (no object present) of the charge integrator outputs will be about 1 volt Hie 1 
resulting from the presence of a finger or other object will typicaUy be about 0.4 volt The voltsi 
range of the A/D converters 52 should therefore be in the range of between about 1-2 volts. 

An important consideration is the minimum and maximum voltage reference pr * 
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for the AJD converters (V^ and V„„). It has been found that noise wiU cause position jitter if 
these reference voltages are fixed points. A solution to this problem which is employed in the 
present invention is to dynamically generate the and reference voltages from reference 
capacitances 42-Vmin and 42-Vmax, sensed by charge integrator circuits 44-Vmin and 44.Vmax 
and processed by filter circuits 48-Vmin and 48-Vmax and stored in sampleAiold circuits SO-Vmin 
and 50-Vmax . In this manner, any common mode noise present when the signals arc sampled 
from the sensor array wiU also be present in the V^„ and V„„ reference voltage values and will 
tend to cancel. Those of ordinary skill in the art wiU realize that reference capacitances 44-Vmin 
and 44-Vraax may either be discrete capacitors or extra traces in the sensor array. 

According to the present invention, the V^^ reference voltage is generated from a 

"cj^torhavinp^ueequm^^^ 

array with no object present (about 12pF assuming a 2 inch square sensor array). The V„„ 
- reference-voltage is -generated from a.capacitor.having a yalue_eguaLtojheJargest^a^ 

expected to be encountered in the sensor array with an object present (about 16pF assuming a 2 

inch square sensor array). 

The outputs of AID converters 52 provide inputs to arithmetic unit 16. As will be 
mote fuUy disclosed with reference to FIG. 8. the function of arithmeUc unit 16 is to compute the 
weighted average of the signals on the individual sense lines in both the X and Y directions in the 
touch sensor array 22. Thus, arithmetic unit 16 is shared by the X input processing circuitry 12 
and the Y input processing circuitry 14 as shown in FIG. 1. 

Control circuitry 56 of FIG. 3 orchestrates the operation of the remainder of the 
circuitry. Because the system is discretely sampled and pipelined in its operation, control circuitry 
56 is present to manage the signal flow. The functions perfonned by control circuitry 56 may be 
conventionally developed via what is commonly known in the art as a state machine or 
microcontroller. 

The structure and operation of the individual blocks of FIG. 3 will now be 
disclosed. Referring now to HGS. 4a, 4b, and 5, a typical charge integrator circuit wiU be 
described. Charge integrator circuit 44 is shown as a simplified schematic diagram in HG. 4a and 
as an illustrative schematic diagram in HG. 4b. TTie timing of die operation of charge integrator 
circuit 44 is shovwi in FIG. 5. These timing signals are provided by the controller block 56. 

Charge integrator circuit 44 is based on the fundamental physical phenomena of 
using a current to charge a capacitor. If die capacitor is charged for a constant time by a constant 
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current, then a voltage will be produced on the capacitor which is inversely proportional to i 
capacitance. Tbt capacitance to be charged is the sensor matrix line capacitance 42 in paraUel w 
an internal capacitor. This internal capacitor will contain the voltage of interest 

Referring now to HG, 4a. a simplified schematic diagram of an illustrative cnai 
integrator circuit 44 is shown. A charge integrator circuit input node 60 is connected to one of I 
X (or Y) lines of the sensor matrix. A first shorting switch 62 is comiected between the chajt 
integrator circuit input node 60 and Vdd. the positive supply raU. A second shorting switch 6-1 
connected between the charge integrator circuit input node 60 and ground, the negative supply n 
A positive constant current source 66 is connected to V^d. the positive supply rail and to i 
charge integrator circuit input node 60 and through a first current source switch 68. A negati 
constant current source 70 is connected to ground and to the charge integrator circuit input node 
and through a second current source switch 72. It is obvious that odier high and low voltage ra 
could be used in place of Vjjd and ground. 

A first internal capacitor 74 is connected between Vdd and output node 76 
charge integrator circuit 44. A posiUve voltage storage switch 78 is comiected between outj 
node 76 and input node 60. A second internal capacitor 80 has one of its plates comiected 
ground through a switch 82 and to output node 76 of charge integrator circuit 44 through a swit 
84. and the other one of its plates connected to input node 60 through a negative voltage sf- 
switch 86 and to V^d through a switch 88. The capacitance of first and second in. 
capacitances 74 and 80 should be a small fraction (i.e.. about 10%) of the capacitance of i 
mdividual sensor matrix lines. In a typical embodiment, the sensor matrix line capacitance wiU 
about lOpF and the capacitance of capacitors 74 and 80 should be about IpF. 

According to the presently preferred embodiment of the invention, the approa 
used is a differential measurement for added noise immunity, the benefit of which is that any 1. 
frequency common mode noise gets subtracted out For the foUowing discussion, it is to 
assumed that aU switches are open unless they are noted as closed. First, the sensor matrix line 
momentarily shorted to through switch 62. switch 78 is closed connecting capacitor 74 
parallel with the capacitance of the sensor line. Then the parallel capacitor combination 
discharged widi a constant current from current source 70 through switch 72 for a fixed tii 
period. At the end of the fixed time period, switch 78 is opened, thus storing the voltage on n 
sensor matrix line on capacitor 74. 

The sensor line is then momentarily shorted to ground through switch 64, a 
switches 82 and 86 are closed to place capacitor 80 in parallel with the capacitance of the s^- 
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^ Switch 68 is closed and the parallel capacitor combination is charged with a constant cunen 
from current source 66 for a fixed time period equal to the fixed time period of the first cycle. At 
the end of the fixed time period, switch 86 is opened, thus storing the voltage on the sensor matnx 
line on capacitor 80. 

The first and second measured voltages are then averaged. Hiis is accomplished 
by opening switch 82 and closing switches 88 and 84. which places capacitor 80 in parallel with 
capacitor 74. Because capacitors 74 and 80 have the same capacitance, the resulting voltage 
across them is equal to the average of the voltages across each individually. This final result is the 
value that is then passed on to the appropriate one of filter circuits 48-1 through 48.n. 

The low frequency noise, notably 50/60 Hz and their harmonics, behaves as a DC 
"^m coinp"onenrti»ara^5^in^ ^""^^ " 

are added together that noise componem averages to zero. The amoum of noise rejecuon is a 
- function of how quickly -in-succession the two opposing charge-^^^^^ 

performed as will be disclosed herein. One of the reasons for the choice of this charge integrator 

circuit is that it allows measurements to be taken quickly. 

Referring now to FIG. 4b. a more complete schematic diagram of an illustrative 
embodiment of charge integrator circuit 44 of the simplified diagram of HG. 4a is shown. Input 
node 60 is shown connected to V^d and ground through pass gates 90 and 92, which replace 
switches 62 and 64 of HG. 4a. Pass gate 90 is controlled by a signal ResetUp presented to its 
control input and pass gate 92 is controlled by a signal ResetDn presented to its con^ol mput 
Those of ordinary skill in the art will recognize that pass gates 90 and 92. as weU as all of the other 
pass gates which are reptesented by the same symbol in FIG. 4b may be conventional CMOS pass 
gates as are known in the art. The convention used herein is that the pass gate will be off when its 
control input is held low and will be on and present a low impedance comiection when its control 
input is held high. 

P-Channel MOS transistors 94 and 96 are configured as a current mirror. P- 
Channel MOS transistor 94 serves as the current source 66 and pass gate 98 serves as switch 68 of 
HG. 4a. The control input of pass gate 98 is controlled by a signal StepUp. 

N-Channel MOS transistors 100 and 102 are also configured as a current miiror. 
N-Channel MOS transistor 100 serves as the current source 70 and pass gate 104 serves as switch 
72 of HG 4a. The control input of pass gate 104 is controlled by a signal StepDn. P-Chamiel 
MOS transistor 106 and N-Channel MOS transistor 108 are placed in series with P-Chamiel MOS 
current mirror transistor 96 and N-Chamiel MOS current mirror transistor 102. The control gate 
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M.^'^IT^ T"^' " EN. Which cn 

MOS tra„a«or 106 «> e»erg.» u» cunen, mir^rs. TO. device ia used ^ . power coas.™ 
devKesothatihechargeiiiiegratorcireuii44n.avhe„,r™.^„«>. power consen-ai 

^ 6 s *'"">''»»«M<I off to conserve power when il is no 

which «, ''■°'T' « votoge Vbi 

*tachs«sftec«nen.d«,„ghc„„«„n,im>r«nsis,o,s96™d 108. TOe volttge Vbi« is s« 
^ fe«^ ack ci^ui. as wiU be disclosed in «,„„ deui, wi* .fe^ce .„ noT C 
SM n, U« ar, Win .pprecia.e to Uus en.bodin,en. allows calibradon u, Jr in^" 
(v« long un.e consian, feedback) u,ereby zeroing ouc an, iong ^ effecrdlCotn 
— emal changes. In a curren. en,bodin,en. of d,e invention. Vbias is col „ Z 
charic magmor cin:niB 44-1 ftrough 44-n and 44.Vmax and 44.Vmi„. 

l!°'°'^''*°'«'"^S°fMOStransislorsl02andl08n>ayprovide,en,oen.Iu 

lrm,s ors 102 and 108 reduce wifl, K^peranire. The threshold reduction has the effect 
— g .he current whUe the mobiHty reduction has the effect of decreasing 1^^^!: 

^P«dev.ces.zu,gtheseeffectscanca.cele.chod^outover.sig„ifican.pa^!fC«.i 



^'^'"""»»<'»«Pl"««»»ec.ed«,VB„.nd.heotherpla,ec„™,ected.oU 
ouq-utnode 76 and to the inputnode 60 thtx-ogh pass gate 110. shown as switch 78 in HQ 4 
control Uiput of pass gate ,10 is driven by thecontro. signal SU,. One plate of Irp^t < 
IS connected to input node 60 through pass gate 112 (switch ds pir- ^ T T 
pass gate 114 (switch 82 in RO 4a) T f °- ""^ "^"S 

si.„.l STk. .... * . "'^ pass gate 112 is driven by the contr, 

signal SDn and the control input of Dass late 114 ic ^ yiownm 

.t. . *^ ^^^^^"iven by the control signal rhTT« tt.. 

o^p..ofcap^^80isconnec.ed.og,„„„d,hronghN<.Le,M 

82mnG.4a)andtooutputnode76U«,„ghpassgatell8(switch84inHG 4a) TT^cZ 
mputofpassgatellSisdrivenbycontrolsignalShare. 

1" and the timing diagram ofHG. 5. the o,«ation, 
ohat^e mtegrator citouit 44 during one scan cycle may be obs«ved. Fttst the EN S 

hth ^- ««"UP contol signal ra^u" 

autas ^e. which sh^is the input node 60 (and the sensor line .which it is ZlZ 
Vbo The sup control stgnal is dso active high at this time which connects capacitor 74 J^th 
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output node 76 to input node 60. This arrangement guarantees that the foUowing discharge 
portion of the operating cycle always starts from a known equilibrium state. 

The discharge process starts after ResetUp control signal goes inactive. The 
StepDn control signal goes active, comiecting MOS transistor 100. the discharge current source, 
to the input node 60 and its associated sensor line. StepDn is active for a set amount of time, and 
the negative constant current source discharges the combined capacitance of the sensor line and 
capacitor 74 thus lowering its voltage during that time. StepDn is then turned off. A short time 
later the SUp control signal goes inactive, storing the measured voltage on capacitor 74. That 
ends the discharge cycle. 

Next, the ResetDn control signal becomes active and shorts the sensor Une to 
"groiliiriii^t^eoullylteSD^^dlC 
80 between ground and the sensor line, apacitor 80 is discharged to ground, guaranteeing that 
-the following charge up cycle always starts from a known state._ 

The charge up cycle starts after ResetDn control signal becomes inactive and the 
StepUp control signal becomes active. At this point the current charging source. MOS transistor 
94, is connected to the sensor line and suppUes a constant current to charge the sensor line by 
inoeasing the voltage thereon. The StepUp control signal is active for a set amount of time 
(preferably equal to the time for the previously mentioned cycle) allowing the capacitance to 
charge, and then it is turned off. The SDn control signal then goes inactive, leaving the measured 
voltage across capacitor 80. 

The averaging cycle now starts. First the voltage on capacitor 80 is level shifted. 
This is done by the ChDn control signal going inactive, letting one plate of the capacitor 80 float 
Then the ChUp control signal goes active, connecting the second plate of the capacitor to Vdd- 
Then the Share control signal becomes active which connects the first plate of capacitor 80 to 
output node 76, thus placing capacitors 74 and 80 in parallel. This has the effect of averaging the 
voltages across the two capacitors, thus subtracting out common-mode noise as previously 
described. This average voltage is also then available on output node 76. 

Those of ordinary skill in the art will recognize that the environmental alternating 
current and other low frequency noise-canceling feature inherent in the averagmg of the voltages 
obtained in the discharge and charge cycles is most effective when the two cycles are performed 
very close together in time. According to the present invention, the ChDn and ChUp signals 
should be asserted with respect to each other within a time period much less than a quarter of the 
period of the noise to be cancelled in order to take advantage of this feature of the present 
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invention. 



dKcIosed. Tl,o« Of ord^ao- shU fa fte an will «a<Uly observe d«, fl„ charge ta^grau, 
^ d^closed wtt, refe«.ce » HOS. 4a. 4b. and 5 U adap,able u, operace accorZl eri 
5 souBung method disclosed herein. » ■ccoroing lo em 



) 



'^"'"°"'^"""™<fcf'i'»"<'i»8ofd.eoperaaonofchargei„KBratorcircuit/ 

J^««p„.vohageiso„lyavail^terorasho„periodoftoeahdissubjec.Le~Z^^ 
^o,.er»™„™^^ceffec.of„oise.asw 

may b^ used „ d,e p«se„t faveadon is show.. T^ose of ordinary skill i„ U,e ar. „"lt^ 
dm s«tthed capacu. fn«r circoi, which comprises an input „„de 120. a pass gate TlZZ 

embodunent.capacitorll6wmhaveacapacitanceofaboutl0pR 

filter 48 is in n,'^ TT^ " °' ordinaty skill fa the art dte switched capaci, 

of ordman. skiU in the art wiU recognize that other types of filter circuits such L H 
filter^j. may be employed in the present invention. 

Referring now to HG. 7. a more detailed block diagram of a presenUy nrefem 
arrangement of A/D converters 52 of FIG 3 is Dre.«nt.H n, , PresenUy prefem 

«.e-eareUnesi„.he«.uchsensora.„r» rZltlT^^^^^ 
^eachofd^indiWdual^conver^rsamoJsevetTrfa^^^^ 

^^velireT^p-L-"--'^"---^'----^^ 
a^umedfor^eirrrnr.^^^ 

Ci.uits50.1.hrough50.24a,efedto.eanalogrtr„r^,t~ 

I «-ugh52.6. -n.^ uttemal arrangement Of at^logmulUplexer 130 is such d^tfl^ 
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ones of the inputs are multiplexed to each of the outputs. Analog multiplexer 130 has been 
conceptually drawn as six internal multiplexer blocks 132-1 through 132-6. 

In the example shown in HG. 7. inputs taken from sample/hold circuits 50-1 
through 50-4 are multiplexed to the output of internal multiplexer block 132-1 which drives A/D 
converter 52-1. SimUarly. inputs taken from sample^iold circuits 50-5 through 50-8 are 
multiplexed to the output of internal multiplexer block 132-2 which drives A/D converter 52-2; 
inputs taken ftom sample/hold circuits 50-9 through 50-12 arc multiplexed to the output of internal 
multiplexer block 132-3 which drives A/D converter 52-3; inputs taken from sample/hold circuits 
50-13 through 50-16 are multiplexed to the output of internal multiplexer block 132-4 which 
drives A/D converter 52-4; inputs taken from sample/hold circuits 50-17 through 50-20 are 
multiplexed to the output of internal multiplexer block 132-5 which drives A/D converter 52-5; and 
"inputs take7rFomIaii^p^ldl:Tr^its 50-2 
internal multiplexer block 132-6 which drives A/D converter 52-6. 



Analog multiplexer 130 has a set of control inputs schematically represented by bus 
134. In the illustrative embodiment shown in FIG. 7, each of internal multiplexers 132-1 through 
132-6 arc four-input multiplexers and thus control bus 134 may comprise a two-bit bus for a one- 
of-four selection. TTiose of ordinary skill in the art wUl recognize tiiat the arrangement of HG. 7 
is merely one of a number of specific solutions to tiie task of A/D conversion from twenty-four 
channels, and that other satisfactory equivalent arrangements arc possible. 

In a straightforward decoding scheme, multiplexers 132-1 tiirough 132-6 wUl 
pass, in sequence, the analog voltages present on tiieir first tiirough fourth inputs on to tiie inputs 
of A^D converters 52-1 through 52-6 respectively. After tiie analog values have setded in tiie 
inputs of A/D converters 52-1 tiirough 52-6. a CONVERT command is asserted on common A/D 
control line 136 to begin the A/D conversion process. 

When tiie A/D conversion process is complete, tiie digital value representing tiie 
input voltage is stored in registers 138-1 tiirough 138-6. As presendy preferred, registers 138-1 
tiirough 138-6 may each comprise a two-word register, so tiiat one word may be read out of the 
registers to aritiimetic unit 54 while a second word is being written into tiie registers in order to 
maximize tiie speed of tiie system. The design of such registers is conventional in tiie art 

Referring now to HG. 8. a more detailed block diagram of tiie aritiimetic unit 16 is 
presented. Those of ordinary skill in tiie art wUl appreciate tiiat aritiunetic unit 16 processes 
information from botii tiie X and Y dimensions, i.e.. from X input processing circuit 12 and Y 
input processing circuit 14 of FIG. 1. 
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Before chsclosing the structural configuration of arithmetic unit 16. it is helpful 
understand the pieferxed method by which the centroid position of an object pn,ximate to 
sensor array 22 is deteimined according to the present invention. 

in .UK. ^''"'""^*^'P^"^yP^^^"^««^dimentofti.einvention.theob^ 
m either duect^on may be determined by evaluating ti,e weighted average of d.e capacL 
m^^ured on U.e mdividual sense line of the sensor array 10. In ti.e following discusL. ti.. 
di^cuonisused. but those of ordinary skiU in theartwiU^^^^ 

the determmation of the weighted average in the Y direction as weU. As is weU known • 
weighted average may be determined as follows: 



Z IX AC/ 

X position = 



a 



1 AC/ 



i«0 



where AC, - C, - CO,. C, is tiie capacitance presenfly being measured on the ith trace and CO 
value measured on ti,at same trace at some past time when no object was present In temis 
thesepastandpresentcapacitancemeasurements.thepositioncanbeexpressedas. 



I /x(C/ - CO/) 
Xposition = -~ 



1 id - CO/) 



-Z(/xCO/)+ tiixQ) 
Xposition = 

-Z (co/)+ f;(c/) 

1-0 fsO 



wh« Ihe negative ten„s in bo* d>e n„me«u,r ..d denominau>r a« off«« and rep^m 
l»*g™nnd value of d«= capaci^ncea wifl, no objec. p«sent If U.e .em, 0« naed »^ 
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the numerator 
written as: 



offset and the term Od is used to represent the denominator offset, Eq. 3 may be le- 



-On + I (ixCi) 

■to [Eq.4] 
Xposition = " I 

-Od+ I (CO 

i-0 

Referring now to HG. 8. ii may be seen that arithmetic unit 16 includes X 
numerator and denominator accumulators 150 and 152 and Y numerator and denominator 
-accumulators 154 and-156r- The source of- operand data for X nume_ratgr jn_d Jenomma^ _ 
accumulators 150 and 152 and Y numerator and denominator accumulators 154 and 156 are^e 
_registers 138-1 through 138-6in_each (X and Y) direction of the sensor array 22 of HG. 1. ine 
X and Y denominato7 accumulators 152 £nd- lT6 sum digital results from the ^yi)- 

conversions. The X and Y numerator accumulators 150 and 154 compute the weighted sum of the 
input data rather than the straight sum. Accumulators 150. 152. 154. and 156 may be configured 
as hardware elements or as software rumting on a microprocessor as will be readUy understood by 
those of ordinary sldll in the art. 

As may be seen from an examination of HG. 8. numerator accumulators 150 and 
154 compute the expression of Eq. 4: 

i-0 

and denominator accumulators 152 and 156 compute the expression of Eq. 4: 

L 

i-0 

TTie contents of X and Y numerator and denominator offset registers 158. 160. 162. and 164 are 
subtracted from the results stored in the accumulators 150, 152. 154. and 156 in adders 166, 168 
170. and 172. Adder 166 subtracts the offset Onx ^ored in X numerator offset register 158. 
Adder 168 subtracts the offset Odx stored in X denominator offset register 160. Adder 170 
subt^^cts the offset stored in Y numerator offset register 162. Adder 172 subtracts the offset 
Ody stored in Y denominator offset register 164. The numerator denominator pairs are divided by 
division blocks 174 and 176 to produce the X and Y position data, and the X and Y denominator 
pair is used by block 178 to produce Z axis (pressure) data. The function performed by block 178 



!) 
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will be disclosed later herein The offcptc n ^ 

hoa compter EmbodiauT " <fe«ril«d hereto a„c 

acpompluJKd by a programmed microprocessors is kn„w„ in .he art 

Imiially, the numerator and denominator accumulators 150 i« a,.. 
set lo zero during system siamm tf ,i. , • . ^""luiaiors 150. 152, 154, and 156 a 

the output of s^npWhoid circuit 50-1) is added .oT. T <'^»'«8 *e voltage 
in.l«.ccum„l«or.InsuccessiL^er-^ . f '^'"™"'""^'''^'«»''»^ 
138-2 through .38.6^ 1 ;r ^ " "f"*^"^ 

U»ace„m„la«.rs. ^.^revioC.trd'^^^^ 

138-6 respecdvely. ^""^ words of Registers 138-1 throug 

registe,. I38-i '^^mTT' ™"'^' » -ond words r 

and thetesultsi^ed to'^^Z '° 

^gisten BM ft^gh^ia'^^lT'f ^""^ """^ 0 

-.5.i.,5.,r^iTa:^~^-^"-;;^^ 

result stored in the accumulator, followed bv dt^d^ T *° 
words of registers 138-1 throoth 138^ r!. stored in the secon 

-uits 50-:. 50-8. ^uT^:^^:z7^^t:z ^ " 

At this point in time, the accumulators hold the sums of all of the individua 



7fi 
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digitized voltage values. TTie digital values stored in the 0^ and offset registers 158 and 164 
are now respectively subtracted from the values stored in the numerator and denominator 
accumulators. THe division operation in dividers 174 and 176 then completes the weighted 
average computation. 

The division operation may also be performed by an external microprocessor 
which can fetch the values stored in the accumulators or perform the accumulations itself. As the 
On and Od offset values are presently derived by an external microprocessor, the addmonal 
processing overhead presented to such external microprocessor by this division operation is 
minimal. Alternately, a dedicated microprocessor may be included on chip to handle these 
processing tasks without departing from the invention disclosed herein. 

The above disclo^d processing tal^place within about 1 nTilfisi^OT-diHdWy be"- 
repeatedly performed. Currem mouse standards update position information 40 times per second, 
and thus ±t ^pSafusof the present invention may easily be operated at this repetition rate 

Because of the nature of the method employed in the present invention, an 
opportunity exists to provide additional noise immunity without requiring additional hardware m 
the system of the present invention. WhUe it is apparent that after the above-disclosed sequence 
has been performed, tiie accumulators may be cleared and the process repeated, the values may 
also be allowed to remain in tiie accumulators. If this is done, an averaging funcuon may be 
implemented to further filter out noise. According to this aspect of the invention, a number of 
samples are taken and run through the accumulators without clearing them at the end of the 
processing sequence. As presently preferred, twenty-five samples are processed before a smgle 
division result is taken for use by the system, thus greatly reducing the effects of transient system 
noise spikes. Those of ordinary skill in the art will recognize that the number of samples taken 
prior to clearing the accumulators is a matter of design choice dictated by factors such as data 
acquisition rates, data processing rates etc. 

The system of the present invention is adaptable to changing conditions, such as 
component aging, changing capacitance due to humidity, and contamination of the touch surface, 
etc In addition, the present invention effectively minimizes ambiem noise. Accordmg to the 
present invention, tiiese effects are taken into consideration in three ways. First, the offset values 
On and Od are dynamically updated to accommodate changing conditions. Second, a servo- 
feedback circuit is provided to determine the bias voltage used to set the bias of the charge- 
integrator circuits 44-1 through 44.n. Tbkd, as previously disclosed herein, the reference voltage 
points for and of the AID converters are also dynamically altered to increase the signal 
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algorithm to establish the numerator »d 1 oalxhviUon unit 150 exec 

selecdo,, or U» values «ad When no obj«, is pl° rl™ ^"'^^"""^'^bli^ I 
«len>al way u, • w when no nhi«., Since there is , 

aspec. or ^ P^tin ~L ^anT; " ?" 
values. When fte ealibraUon «ni. sees a 2 value Jhl 

curren, values of *e accun,ula«J I^H ' 
inven^on. U.e <.eoision u. up<.. ^ ^ P™''"^ »b«H-n. of . 

in only one of die X or Y directions bn. whenT. """" = 

CW...dO..,a.eupd... .o^/lLtn" 

i-<Uvidual,y.na<.foreachdi..ao„_^,„^,j;"-^-"^^ 

^^^^^^^'^ "■""''"^^ in a sele«ed on. 

-..dvi.yu.chan^rC^X^'rr'''""'^™-''''"'^'*^™-*^ 
22isi.ea.erU^U„sensiti^;^hL°ri^'^r°'™ 

li««i« fte »«ch sensoranay 22 t^r"""^ of the other one of the sets of conductiv 
Sweater sensitivity to oap^ftl^T^nri'^""'"'''^ 
conducive linesfathe other direction ri^f! ? " ""'"^'^'^ 

^ ^-PPersetofc^ducTCtdr^^^XLT^'^r'^^^"" 
fton. capacitiv. ehan^ occurHn, ^„ ^ o^^L s^":^;^."' " "™ 

sense iines. ^.TZ ^^t::!": """^'"^ 

case. 0„. A fntser is ptesent if L^^^ ^^""'Z"'"" ^ * 
be Chosen cperintent^y and 7 ™^ 

^-hcad^aybeadjustedto ithet^tLtftl^wTt^^'^ ™' 
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The pressure reponed by the device is a simple function fCX^ Yi>) of the 
denominators for the X and Y directions as implemented in block 178 of FIG. 8. Possible 
functions include choosing one preferred denominator value, or summing the denominators. In a 
presendy preferred embodiment, the smaller of the two denominators is chosen. This choice has 
the desirable effect of causing the pressure to go below the threshold if the finger moves slightly 
off the edge of the pad, where the X sensors are producing valid data, but the Y sensors are not, 
or vise versa. This acts as an electronic bezel which can take the place of a mechanical bezel at the 
periphery of the sensor area. 

In the example of FIG. 8, the Y denominator is chosen for monitoring because it is 
the most sensitive. The chosen denominator is referred to as Z for the purposes of the calibration 
algorithm. The current saved offset value for this denominator is referred to as O^. 

The goal of the calibration algorithm is to track gradual variations in the resting Z 
" level while making sure not to calibrate to the finger, nor to calibrate to instantaneous spikes - 
arising from noise. As will be apparent to those of ordinary skill in the art from the following 
disclosure, the calibration algorithm could be implemented in digital or analog hardware, or in 
software. In a current embodiment actually tested by the inventors, it is implemented in software. 

As Z values arrive in the calibration unit, they are passed through filter 182. 
History buffer 184, which operates in conjunction with filter 182, keeps a -ranning average" of 
recent Z values. When a new Z value arrives, the current running average F^ is updated according 

to the formula: 

new F^ = a(old F^) + (1- a)Z [Eq. 7] 

where a is a constant factor between 0 and 1 and typically close to 1 and Z is the current Z value. 
In the preferred embodiment, alpha is approximately 0.95. The intention is for F^ to change 
slowly enough to follow gradual variations, without being greatly affected by short perturbations 
inZ. 

The filter 182 receives a signal ENABLE from control unit 186. The running 
average F^ is updated based on new Z values only when ENABLE is asserted. If ENABLE is 
deasserted, F^ remains constant and is unaffected by current Z. 

The history buffer 184 records the several most recent values of F2. In the present 
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«»bodteen. .h. history boffer u,c .wo p„vio»s F, values, tte bisBry buffer nUgh. , 

«ce,ves a REWIND signal fron, co„«,l u„i, 186. it res^res u» eurra.. n»ni,,g average F, u, , 
oldes, saved value. if *e Hto 182 we,e ■Wdveiy disabled for an a«o«,., 
co^pondu,g ,0 dte depfl, of d» history buffer. Tl„ purpose of .he his»,y buffer is u, pe,. 
such relroaoive disabling. 

The cum:„, running average is compared against the current Z value and tl 
cu^nt Offset O, by absolute difference units 188 and .90. and comparator 192. Abso.u 

dt^ference unitmsubtracts the valuesZandF, and outputsthe absolute valueof their differed 
A^lute difference unit 190 subtracts d,e values and F, and outputs the absolute value of U»' 
d^^ence. Comparator 192 asserts the UPDATE signal if the output of absolute diffet^nce u 
m„le«^theoutputof absolute differenceunitl^^ 

^. hwtfl ^d not to be ^serted when Z makes a brief excursion away fron, its nonnal testi, 

between Z and t"^' T " ' ^"""'"'^^ ^'«»«' 

between Z and Oj.. TTus subtracter ts actuaUy redundant with subtractor 172 in figure 8 a 

may be merged with it in the actual intplementaUou. Ute output C, of this subtractor is U 

cahb|ated Z value, an estimate of dte finger pressure. His pressute value is compared a«i„s, 

Zm and -Z™. although drey are not acmaUy requited to be equal in magnitude. 

If pressure signal C, is greater than Z,„. the signal FINGER is assent 
md^aung the possible presence of a finger. Tie Z™ U«shoId us«l by the calibradon „mt 

dtffer^t value. In the ptesent embodiment, the calibration Z„ is set somjlh^t U.JZ n 
to ensute that dte caUbration unit makes a conservaUve choice about *e presence of 

If ptessute signal is less than - z™. flie sigmd FORCE is assetWl. Since O, 
meant to be equal to the resting valueof Z with no finger ptesen, and a fingercan only incre!. 
Ure sensor capacttance and d>us d,e value of Z. a largely negative C, implies .hat dte deX " 
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have incorrectly calibrated itself to a finger, which has just been removed. Calibration logic 200 
uses this fact to force a recalibration now that the finger is no longer present 

Control logic 186 is responsible for preventing running average from being 
influenced by Z values that occur when a fmger is present Output ENABLE is generally off 
when the FINGER signal is true, and on when the FINGER signal is false. However, when 
FINGER transitions from false to true, the control logic also pulses the REWIND signal. When 
FINGER transitions from true to false, the control logic waits a short amount of time 
(comparable to the depth of the history buffer) before asserting ENABLE. Thus, the running 
average is prevented from following Z whenever a finger is present, as well as for a short time 
before and after the finger is present 

Calibration logic 200 produces signal RECAL from the outputs of the three 
comparators 192, 196, and 198. When RECAL is asserted, the offset registers On and Od will 
" reloaded froih the current accumulator values. RECAL is produced from the following logic — 
equation: 

RECAL = FORCE or (UPDATE and not FINGER). [Eq. 8] 

In addition, calibration logic 200 arranges to assert RECAL once when the system 
is first initialized, possibly after a brief period to wait for the charge integrators and other circuits 
to stabilize. 

From the descriptions of control logic 186 and calibration logic 200, it will be 
apparent to those of ordinary skill in the art that these blocks can be readily configured using 
conventional logic as a matter of simple and routine logic design. 

It should be obvious to any person of ordinary skill in the art that the calibration 
algorithm described is not specific to the particular system of charge integrators and accumulators 
of the current invention. Rather, it could be employed in any touch sensor which produces 
proximity or pressure data in which it is desired to maintain a calibration point reflecting the state 
of the sensor when no finger or spurious noise is present 

Referring now to FIG. 10, a bias voltage generating circuit 46 useful in the present 
invention is shown in schematic diagram form. According to a presently preferred embodiment of 
the invention, all of the bias transistors 108 (FIG. 4b) of charge integrator circuits 44-1 through 
44-n have their gates connected to a single source of bias voltage, although persons of ordinary 
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skm in the art recognize that other anangements are possible. There are a number of ways 
which to generate the bias voltage required by charge integrator circuits 44-1 through 4-n. 

As may be seen from an examination of FIG. 10, the bias voltage generatin/ 
46 is an overdamped servo system. A reference source which approximates the cunem ,om 
funcuon of a typical one of the charge integrator circuits 44-1 through 44-n includes a capacii 
202 having one of its plates grounded. The other one of its plates is comiected to the Vdd poa« 
supply through a first pass gate 204 and to a current source transistor 206 through a seco 
passgate 208. A filter circuit 210. identical to the filter circuits 48- 1 through 48-n and control! 
by the same signal as filter circuits 48-1 through 48-n is connected to sample the voltage 
capacitor 202 in the same manner that the filter-and-sample/hold circuits 48-1 through 48-n sam, 
the voltages on the sensor conductor capacitances in the sensor array 22. 

The output of filter circuit 210 is fed to the non-inverting input of a we 
tiansconductance ampUfier 212. having a bias currem in the range of from about 0.1-0 2nA T 
mvertmg input of the tiansconductance amplifier 2 12 is connected to a fixed voltage of about 1 v 
generated, for example, by diode 214 and resistor 216. The output of transconductance ampW 
212 IS shunted by capacitor 218 and also by capacitor 220 through passgate 222. Capacitor 220 
chosen to be much larger than capacitor 218. In a typical embodiment of the presem inventi. 
capacitor 218 may be about 0.2pF and capacitor 220 may be about lOpF. 

Capacitor 220 is connected to the gate of N-Channel MOS transistor 224 whi 
has its drain connected to the drain and gate of P-Channel MOS transistor 226 and its'sou, 
connected to the drain and gate of N-Channel MOS transistor 228. TTie source of P-Chan, 
MOS transistor 226 is comiected to and the source of N-Channel MOS transistor 228 

connected to ground. The common drain connection of transistors 224 and 228 is the bias volt;, 
output node. 

An optional passgate 230 may be connected between a fixed voltage source (e 
about 2 volts) and capacitor 220. Passgate 230 may be used to initialize the bias generating circ 
46 on startup by charging capacitor 220 to the fixed voltage. 

During each sample period, the filter circuit 210 takes a new sample. If the n. 
sample differs from the previous sample, the output voltage of tiansconductance amplifier 212 
change and start to charge or discharge capacitor 218 to a new voltage. Passgate 222 is switch 
on for a short time (i.e., about iMsec) and the voltages on capacitors 218 and 220 try to avera 
themselves. Due to the large size difference between capacitors 218 and 220, capacitor 218 cam 
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supply enough charge to equaUze the voltage during the period when passgate 222 is open. Tlus 
arrangement prevents large changes in bias voltage from cycle to cycle. 

Capacitor 202 should look as much as possible like one of the sensor array 
channels and has a value equal to the background capacitance of a typical sensor line, (i.e.. with 
no object proximate or present capacitance component). Capacitor 202 may be formed in several 
ways. Capacitor 202 may comprise an extra sensor line in a part of the sensor array, configured to 
approximate one of the active sensor lines but shielded from finger capacitance by a ground plane, 
etc. Alternately, capacitor 202 may be a capacitor formed in the integrated circuit or connected 
thereto and having a value selected to match that of a typical sensor line. In this respect, the signal 
source comprising capacitor 202 and filter circuit 210 is somewhat like the circuitry for generating 
the V„„ and reference voluges. in that it mimics a typical sensor line. 

As another alternative, one of the actual sensor lines may be employed to set the 
bias voltager The measured voltage on tiie two end-point sensor.lines may be compared and tiie 
one having the lowest value may be selected on tiie theory that, if a finger or other object is 
proximate to the sensor array, it wiU not be presem at sensor Unes located at the opposite edges of 
the array. 

According to another aspect of the present invention, an "edge motion" feature may 
be implemented when the object position sensor of the present invention is used as a computer 
cursor control device in place of a mouse. A practical problem arises in tiie use of computer mice 
or otiier cursor control devices when an attempt is made to move an object over a large distance on 
a computer screen. This problem is encountered when a small mouse pad is used witii a computer 
mouse, or when an object position sensor of tiie kind described herem has a small touch sensor 
area. 

In touch sensor applications, tius problem is especially acute during a "drag" 
gesture. If the user lifts the finger to begin a second stroke, the drag effea ends prematurely on 
tiie screen. The edge motion feature of tfie present invention helps to eliminate the, need to use 
"rowing," or multiple strokes of tiie finger to move a large distance on the screen. 

A prior solution to the long-distance drag problem has been to provide an 
acceleration feature. i.e.. a "ballistic" curve, where tiie gain varies as a function of finger speed, 
allowing tiie user to move long distances, albeit clumsily, using a repeated finger swishing 
motion. This technique can be used witii any variable-speed pointing device, for example, witii a 
mouse on a mouse pad of limited size. Typical mouse driver software includes an adjustable 
acceleration feature (sometimes under a misleading name like "mouse speed"). 
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«.p.cme.ttd u, a mouse using fte n,o„.e .o .nove U,e cursor .o .he object of Jrcs. „. , 
compter scr^^^ -olicktar once or ^ . b„^„ J „ „ 

mthe mouse body. Asi«nrK»,«iv»age of fl„ present invendon isfta. feneed for m^^ 
«^es .s eliminated, and the si.gle.lic. and do„b,e.Hck geso^ are impleLenr" 
P««nt u,ver,aon by moving the cm^r to a,e object of interest and then tapping a finger dp „. 
or twce on the selected object Tie presem system can easily distinguish ftL gestuL ZZ 
*ag gesture m which the finger is placed on the touch sensor surface and dr^gg" 
surface m a destred direction while maintaining contact with dte surface. 

femre of the object postuon sensor is implemented by modon unit 18 of HO. 1 and works 1 
^nmg two zones in the sensing plane ,0 containing the touch sensor array 22. As 7l 

Hail.thesensmg plane lOispteferably divided into an inner zone 240comp,isingm„s.ofd 
^ttal portion of U« surf«» of sensing plane 10 and a. outer zone 242. typi ally LZI 

ongrn (X«„.^ Y^^) in a cartesian coordinate system. Those of ordinaiy ski 
m the art win recognize however that the inner and outer zones could be of any shape. 

Thus in HG. 11, inner zone 240 is defined by the upper dashed line Yo . 

hand dashed aneXo. lower dashed line-Yoandleft-hand dashed line-Xo. Outer zone 242^ 
region between the outer edges of the sensing plane 10 defined by Y -Y X «nH v 

J - , ^ max* '■'laax' '^-max olid -A— 

and outer borders of inner zone 240 defmed by X,. -Y,. and -X,. 



240,^. , T°"!"''°'^'''^'°f'^P'«"''"«»''".a.8crn>otionsintheinnerzo. 
240aretransla.edmd,es,andan. fashion into modoneventstobesenttou^hostcoml^^ 
weU unde^tood m d,e art. Ute standard way to commumcate mouse modon to a^^l 

mayajs„^emp.oyedin.hepresentinvendontocommunic..e,in^ 



host computer is: 

AX = A(Xe„r.Xo,d) 
AY = A(Y^-Y„,,) 

[Eq. 10 

where AX is the change in theXposition of the finger.AYis the change in theYposition of th 
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finger, X^u, is the cunent X position of the finger and X^u is the last reported X position of the 
finger, Y^ur is the current Y position of the finger and Yo^ is the last reported Y position of the 
finger, and A is a "gain factor" which is commonly encountered in mouse cursor control 
applications. 

Typically, the host computer takes (AXuiY) events and moves the cursor by the 
indicated amount in each axis, thus reconstructing the finger position on the screen as the 
successive AX and AY values are accumulated. So far, this is standard cursor control behavior 
where edge motion is not considered. 

According to the present invention, when the finger is reported as being in the 
-outer- zone 242, the edge motion.-feature.-of . the _present_ iiiyentipn_ m_ay_ be_enab]ed^ The _ 
determination of whether the finger is in the outer zone is a simple determination: 

~[-Xo < Xc«r< Xq] is FALSE. OR f-Yo < Y,-^ < Yo] is FALSE [Eq.-M] " 

Referring now to HG. 12, a circuit 244 for making a determination of whether a 
finger is in the outer zone 242 is shown in schematic diagram form. FIG. 12 iUustrates a 
hardware embodiment for determining whether a finger is in the outer zone 242, but those of 
ordinary skiU in the art wUl readily recognize that this determination could readily be made by 
performing one of a number of equivalent software routines. Such software routines are obvious 
and sttaightforward from the functions described herein. 

Circuit 244 includes digital comparators 246, 248, 250, and 252, which may be 
straightforwardly implemented by conventional logic. Comparator 246 puts out a true signal when 
the quantity Xc„ at one of its inputs is greater than the fixed quantity Xq presented to its other 
input. Comparator 248 puts out a true signal when the quantity Xeu, at one of its inputs is less 
than the fixed quantity -Xq presented to its other input Comparator 250 puts out a true signal 
when the quantity Ycu, at one of its inputs is greater than the fixed quantity Yo presented to its 
other input Comparator 252 puts out a true signal when the quantity Y^^ at one of its inputs is 
less tijan the fixed quantity - Yq presented to its other input 

The outputs of comparators 246. 248, 250, and 252 are ORed together by OR gate 
254. As wiU be appreciated by those of ordinary skill in the art, the FingerOuter signal output 
of OR gate 254 is true only when the necessary conditions of Eq. 11 are satisfied. 
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^'^P««^^yP«fe"^ that the edge rooUon aspect of the present invention may 
selectively enabled or disabled by a user. When the edge motion feature is enabled and the fm 
IS reported as being in the outer zone as set forth above, a second component is added to 
(AXv^Y) events reported: 

AX =A (X,„ . X„„)+ S(X,^ - X^^) . 
AY = A(Y,„ - Y,yH S(Y,„ - Y«„^) [ 

where X«„^, is the X coordinate of the center of the pad. Y^„^, is the Y coordinate of the cei 
of the pad, and S is a multipUcative factor for speed. S should be chosen such that the movem 
of the cursor is at a comfortable speed on the display screen. 

For example, if the finger is held a good distance to the right (so that X > > 

O^enAe cursor will tend to "gUde"to the right ataconstant speed set by muW^^^^^ 
S in Eqs. 12 and 13. This factor can be adjusted to individual taste of a user. 

If the sensor array has different dimensions in X and Y. it is useful to set 

muluphcauve speed factor S parameter, in the X and Y direcdons to differ by the s^^ 
pad dimensions, so that a finger held at the left or right edge of the sensor array wiU produce . 
same cursor speed as a finger held at the top or bottom edge. In the presenUy pre' 
embodiment of the sensor array, there are 24 X tmces and 1 8 Y traces. THerefore. since X . ■ 
wider than Y (24 u-aces vs. 18 tiaces). the X multipUcative speed factor Sx is 5«t to be to be 3/4 
laise as the muldpUcaave speed factor Sy. 

P««"'^'*««dofthecursorduringedgemotfoniscle«riyadirec.fimciionofi 
Stance of the finger from the center of the p«J. and d» gBde direction is equal ,o the direction 
*e fmger fron. the center If the outer zone has the preferred "edge margin" shape as shown 
HG. 1 1. then the finger wdl always be roughly the san» distance ftom the center whenever a 
moUon,sact.vated(withinafac.orofthesquaren«tof2=1.41.a«unung asquarepad) 
the psychological effect is dut edge motion involves a constant gHde speed where du, direcdo,, 
set by the position around the sensor array edge. 

The square root of 2 variation may be canceled out by dividing the edge moti 
terms m equations (12 and 13) by a normalizing factor of the form: 

V(Xcur - Xcenter)^ + (Ycur " Ycenter)^ jEq. I 
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but this is a computationaUy intensive step appUed to fix a problem that is barely noticeable to the 
average user, thus, it may be omitted. 

•n,e edge motion feature of the present invention can be confusing if the user does 
not expect it Since edge motion is most useful in comiection with the drag gesture, it is presently 
preferred to arrange for it to occur only during a drag. Le., only when the gesture logic is virtuaUy 
"holding the mouse button down." The drag gesture and other gestures are implemented by 
gesture unit 20 of FIG, 1. 

At times when the edge-moUon function is not desired, the outer zone 242 "goes 
away" (i.e.. is ignored) and the inner zone 240 effectively expands to cover the entire sensing 
plane 10 Ithas been found tha t this is m uch less confusing in practice, probably because ti.e user ^ 
is more likely to"be consciously aware of tiie cursor-contrordevice dunng a drag gesture than 
during simple cursor motions. 

Assuming the preferred zone boundary shape of FIG. 1 1 . the foUowing algoritiim 
may be employed to implement the edge motion feature of the present invention: 

IFNOT(-Xo<Xc„<Xo AND-Yo<Ye„r<Yo) 
AND (optionally) a drag gesmrc in progress, THEN 

Let eX = Sx O^m ' Xcenter) 
Let eY = SyCYguj - ^ceala) 

ELSE 

LeteX = eY = 0. 
ENDIF 

Next, die dX and dY motion terms are computed from the regular algoiidun: 
i.e., Let dX = ACXcu, - Xow) 
LetdY = A(Yc„,-Yoid) 

Finally, die resultant packet (AX = dX+eX, AY = dY+eY) is transmitted to the host computer. 
Those of ordinary skiU in die art will recognize tiiat a Unear proportionaUty is descnbed by the 
above equation. As used herein,"proportionaUty" means that die signal generated is a monotomc 
function. Those of ordinary skill in the art will recognize that odier monotomc functions, 
including but not limited to inverse proportionality, and non-linear proportionality such as 
logaridmiic or exponential functions, could be employed in the presem invention without departmg 
from the principles disclosed herein. 

A hardware implementation of diis algoridim is illustrated in HG. 13 in schematic 



WO9C/07966 

PCTAJS95/11I77 

value »f X ^^r'T ^^"^ ' """"""" 'i"-" 258 in which d« n«vi, 

v-lue of ».or«. ™ dciay 260. is s„b.«c«a f™. u« p,e«„. vaiue of X.^ II. 

»tocjor 258 is p«.„,«i ,0 ™uidp,i„ 262, which ™„>Up.i.s by U« 

A. Theonlp«tofroaltipJier262islhelenndX. •« gam lac 

The term X.„ is also presented to subwctor circuit 264 in which the value 
.s subt^cted fron, the pt^sent value of X.„. -n,e output of subttactor circuit 264 
presented to tnuldplier 266. which naulUplies the tesm, by the gain factor "S". 

A two-input AND gale 268 has its input tenns the value HiKerOuter fro™ , 

..0 is conngu. pass the^ of T.::^::::^-^: 
roTo^itTrr^ ronE!.:::."r b^ 

Altentauvely. i, .ay be c„,„„>Ued by the gestu. unit as wiU Jn-oJ^; dt;^"' 
dY«,d.v .'"'"'t'°""'''°™'*''^''™™''>='=P'^by,heeXtenn.»dlikew^ 
own mat uie dX+eX form shown above feels better and is easier to use. 

«.p..asonr:::d:r r^g^rr^^^ 

of.h.O„geri,to,heouterzone,a,he;i:r:refr:r:r'^^^^ 
^anstttonisharder to -.eer.and thus winds up being ™re.:otless.Crc:^^r: 
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surprise, -mose of ordinary skiU in the art wiU appreciate that a solution midway between the two 
described methods can also be employed to produce a less abrupt transition. 

An alternate solution to the long-distance drag problem has been to provide a 
"locking" drag, but this can be confusing since the lock state becomes a hidden mode, a weU- 
known undesirable item in the stody of user interfaces. 

•me edge motion feature of the present invention is used advantageously witii one 
or more finger gestures which may be performed by a user on the sensor array and are recognized 
by the system. Of particular interest are tiie basic tap and drag gestures. The tap gesture is 
analogous to Oie clicking of the mouse button on a conventional mouse, and tiie concept of 
dragging objects is famUiar to all mouse users. The drag gesture consists of upping once 
~ followed by bringTnglhrfmger back-do^^^^ 
fashion. The host computer sees the virtual mouse button being held down during this enure 

" gesture. 

Referring back to FIG. 1. gesture unit 20 detects the tap and drag gestures as 
foUows There are four state variables used to recognize tiie tap and drag gestures: TapState. 
NONE if there is no gesture in progress. TAP if a tap gesture is in progress, or DRAG if a drag 
gesture is in process; TapOkay, TRUE if high enough Z (finger pressure) has been s^n to 
qualify as a tap; DownTime. tiie time when tiie finger last touched down on tiie sensor pad; and 
DownPos, the starting (X.Y) position of the current tap. 

nie parameters utilized are: TapTime is the maximum duration of a tap gesture; 
DragTime is tiie maximum duration of a tap-and-drag gesture; TapRadius is ti»e maximum 
distance moved during a tap gesture; Ztap is tiie minimum pressure (Z) for a tap gesture; and 
Zthresh is tiie minimum pressure (Z) to detect a finger. 

A process according to tiie present invention for recognizing tap and drag gestures 
is illustrated in tiie fiow diagrams of HGS. 14a-14c. 

Processing begins at step 280 for every new set of (X,Y.Z) data to arrive from tiie 
aritimieticunitl6ofFIG. 1. In a currem embodiment of tiie system, such data arrive 40 times per 

second. 

In step 282. tiie Z (pressure) value is compared against tiie Z tiireshold Zthresh to 
determine whetiier a finger is present ("down") or not ("up"). Instead of a simple tiireshold 
comparison, two tiiresholds may be used to provide hysteresis as is weU-known m tiie art 
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wh«th.r r ^ '^"^ "^^ P^^^"^ Z checked to « 

whether the fmger was previously down or is just now touching down on the pad. 

In step 286, a finger-down transition has been detected. If a tap gest 

Z no^nlT"^ ' — : 

into a potential drag gesture. 

St^ 290 iBcords the position and the time at which the finger touched down, 

,r««.. V ^"""'"^ '^"■•■'^ '-""her or not .l,e 

(pressure) mfotmation ever exceeds the Ztap threshold during the cunem tap. 

whed,er.h,r '^•'^ « ^ "P- previous Z is checked to . 

whether the finger was previously up or is just now being lifted from pad. 

r '? " '^^''^ ^ Various tests are n.ade of tl 

most recent finger-down period to see if it qualifies as a tap. To qualify, the finger-down peric 
must have s^on duration (Cortta. n,in.. D.™i1„. „„„ TapxL 
^on (thed^tan^fren. CurPos to Dowri-os „„s. be less than T.pR.dl„s) . a^d sufficie, 
peak finger pressure (TapOkay must be TRUE), in orier to qualify. 

n,od™ n. K '■"Ser-down pedod which has qualified as a tap. a small amount < 

«n ha« already been ttansmitted u, the h<», causing d,e cursor to drift slighUy .way ,» 
mtended target of the tap gesmre. In step 298, this spurious modon is repttyed toIZ! 
^ m order to cancel it o». •„„ motion may be sent in . single lum^sl packet Tr^l 

StLnLT « - 'PP'^ "trerne non-UnearTa^ 

( ballisucs ) to the received packets, a simple lump-sum transmission will suffice. 

Steps 300 and 302 give special consideraUon to multiple taps. If a tap gesture , 
^cogmzed. »d a previous tap gesture (at this point a potential drag g«ture) is pend^'g," 
or more p«kets repotting . release of the vimtal mouse button are sent to the boTt ZZ 
^ev^a. button pr«ses resulting from the two taps from running .ogea,er into a sin Z 

padre, to the host, or by semng a flag to suppress the virtual mouse button for the t^x. subsequen 
Step 304 records that a tap gesture is now in progress. 
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In Step 306. the finger is still away from the pad. If the finger has been away from 
the pad long enough so that the cunent tap gesture (if any) no longer qualifies to be extended into a 
drag (i.e., Curtime minus DownTime exceeds DragTime). or if a drag gesture is pending 
(TapState is DRAG), then the current tap or drag is terminated in step 308 (causing the virtual 
mouse button to be released). 

Steps 3 10 and 312 compare Z against Ztap. If Z is ever greater than Ztap during 
a given finger-down period, the TapOkay flag is set 

Steps 314, 316, and 318 cause the virtual mouse button to be pressed during a tap 
or drag gesture, and released at all other times. 



In a current embodiment of an actual system according to the present invention, 
TapTime is a fracUon of a second and may be adjusted by the user. DragTime is approximately 
equal to TapTime, and TapRadius is approximately 5-10% of the pad width 

The "MotionEnable" signal into AND gate 268 of FIG, 13 is obtained by either 
MotionEnable = (TapState = DRAG) or MotionEnable « (TapState = DRAG) OR 
(TapState = TAP). 

While the foregoing disclosure refers to two particular gestures, those of ordinary 
skill in the art will recognize that other gestures may be employed in the system of the present 
invention. 

The increased sensitivity of the touch sensor system of the present invention allows 
for a lighter input finger touch which makes it easy for human use. Increased sensitivity also 
makes it easier to use other input objects, like pen styU. etc. AdditionaUy this sensitivity allows 
for a trade-off against a thicker protective layer, or different materials, which both allow for lower 
manufacturing costs. 

Greater noise rejection allows for greater flexibility in use and reduced sensitivity 
to spurious noise problems. Two techniques are employed which allow derivation of the most 
noise-rejection benefit 

Due to the drive and sense techniques employed in the present invention, tiie data 
acquisition rate has been increased by about a factor of 30 over the prior art This offers several 
obvious side effects. Fffst, for the same level of signal processing, the circuitry can be turned off 
most of the time and reduce power consumption by roughly a factor of 30 in the analog section of 
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the design. Second, since more data is available, more signal processing, such as filtering ai 
gesture recognition, can be performed. 

The sensor elecironic circuit employed in the present invention is very rob , 
calibrates out process and systematic errors. It will process the capacitive information from it 
sensor and provide digital information to an external device, for example, a microprocessor. 

Because of the unique physical features of the present invention, there are sevei 
ergonomically interesting applications that were not previously possible. Presently a mouse 
trackbaU is not physically convenient to use on portable computers. The present invention provid 
a very convenient and easy-to-use cursor position solution that replaces those devices. 

In mouse-type applications, the sensor of the present invention may be placed in 
convenient location, e.g., below the "space bar" key in a portable computer. When placed in tl: 
location, the thumb of the user may be used a^ the position pointer on the sensor to control tl 
cursor position on the computer screen. The cursor may then be moved without the need for tl 
user's fingers to leave the keyboard. Ergonomically. this is similar to the concept of tl 
Macintosh Power Book with it's trackball, however the present invention provides a signifies 
advantage in size over the trackball. Extensions of this basic idea are possible in that two senso 
could be placed below the "space bar" key for even more feature control 

The computer display with it's cursor feedback is one smaU example of a vei 
general area of application where a display could be a field of lights or LED's, an LTD display, ( 
a CRT. Examples include touch controls on laboratoiy equipment where present equipment us«i 
knoh/button/touch screen combination. Because of the articulating ability of this interface, one i 
more of those inputs could be combined into one of the inputs described with respect to the prese 



mvention. 



Consumer Electronic Equipment (stereos, graphic equalizers, mixers) appHcatioii 
often utilize significant from panel surface area for slide potentiometers because variable control 
needed. The present invention can provide such conttol in one small touch pad location. ; 
Electronic Home Systems become more common, denser and more powerful human interface 
needed. The sensor technology of the present, invention permits a very dense control pane 
Hand-held TVA^CR/Stereo controls could be ergonomically formed and allow for more powerf i 
features if this sensor technology is used. 

The sensor of the present invention can be conformed to any surface and can I: 
made to detect multiple touching points, making possible a more powerful joystick. ITie uni 
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pressure detection abiUty of the sensor technology of the present invention is also key to this 
appUcation. Computer games, "remote" controls (hobby electronics, planes) . and machme tool 
controls are a few examples of applications which would benefit from the sensor technology of the 
present invention. 

Musical keyboards (synthesizers, electric pianos) require velocity sensitive keys 
which can be provided by the pressure sensing abiUty of tins sensor. There are also pitch bendmg 
controls, and other slide switches that could be replaced with tins technology. An even more 
unique appUcation comprises a musical instrument that creates notes as a function of the posiuon 
and pressure of the hands and fingers in a very articulate S-d inteiface. 

_ _ The sensor technolo gy of t he present invention can best detect any conducting 
" material pressing against it." By adding a compressibre-insulaunglayer covered by a layer-of- 
conductive material on top of tiie sensor tiie sensor of tiie present invention may also indirectiy 
- -detect pressure from any object being handled, regardless of its electrical 

Because of the amount of information available from tius sensor it will serve very 
well as an input device to virtual reality machines. It is easy to envision a construction that allows 
position-monitoring in three dimensions and some degree of response (pressure) to actions. 

WhUe embodiments and appUcations of this invention have been shown and 
described, it would be apparent to those skUled in the art that many more modifications tiian 
mentioned above are possible without departing from the inventive concepts herem. The 
invention, therefore, is not to be restricted except in the spirit of the appended claims. 
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W0 elalm: 



1 . A method for providing an electrical signal for moving a cun«)r on a display sen' 
associated with acomputerin response to electrical signals representing of the position of an obj 
m a two dimensional sensing plane, including the steps of: 

providing a sensing plane including a matrix of conductors arranged as a plurality of 
and columns of spaced apart row conductive Unas and column conductive lines, said sensing pla 
charactenzed by an inherent capacitance on the various ones of said row conductive lines a 
CO umn conductive lines, said capacitance varying with ti,e proximity of an object to said row a 
column conductors; 

sensing the capacitance on at least selected ones of said row and column conductors- 
generating present-position signals from die sensed capacitance lepresenting the pies. 

position of said object in both X and Y directions on said sensing plane- 
sensing whether said object is in a peripheral region of said sending plane- 
generating first relative position X and Y signals representing tiie difference between s;= 

p^sentposmonofsaidobj 

both X and Y directions; 

sendtag said fc, rdative po^ X and Y signak to said computtr if said objec. is no. 
said penpheraj region of said sensini plane; 

generating second reUtive position X «,d Y signals if said object is in a peripheral ,egi< 
of said sensing plane; ^ 

sending said second illative position X and Y signals to said computer so long as sa 
object is in said peripheral region of said sensing plane. 

nn V . 3*"" °^ ''^^ ^ ^^^"^^ present-position signals, said first relatin 

posiuon X and Y signals, and said second relative position X and Y signals ate digital signals. 

3 Amethodforprovidinganelectricalsignalformovingacursoronadisplayscie<- 

associated withacomputer in response to dectrical signals repn^nting of the pos^^^^ 
in a two dimensional sensing plane, including the steps of: 

providing a sensing plane including a matrix of conductors arranged as a plurality of rov. 
and columns of spaced apart row conductive lines and column conductive lines, said sensing plax, 
charactenzed by an inherent capacitance on tiie various ones of said row conductive lines ar. 
CO umn conductive lines, said capacitance varying with the proximity of an object to said row an 
column conductors; 

sensing the capacitance on at least selected ones of said row and column conductors; 
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generating present-position signak from the sensed capacitance representing the present 
position of said object in both X and Y directions on said sensing plane; 

sensing whether said objea is in a peripheral region of said sensing plane; 

generating first relative position X and Y signals representing the difference between said 
present position of said object in both X and Y directions and a previous position of said object m 

both X and Y directions; 

sending said first relative position X and Y signals to said computer if said object is not m 

said peripheral region of said sensing plane; 

generating second relative position X and Y signals if said object is in a peripheral region 
of said sensing plane, said second relative position X signal comprising said first X signal 
incremented by an amount proportional to the difference in said X direction between said present 
position in said X direction o f said ob ject and a fixed X position on said sensmg plane, said 

"second rektive position Y signal comprising'said first Y signd-incremented by an amount - 
proportional to the difference in said Y direction between said presem position in said Y dirccuon 

~ of said object and a fixed Y position on said sensing plane; - 

sending said second relative position digital X and Y signals to said computer so long as 
said object is in said peripheral region of said sensing plane. 

4. The metiiod of claim 3 wherein said present-position signals, said first relative 
position X and Y signals, and said second relative position X and Y signals are digital signals. 

5 The method of claim 3 wherein: 

said amount proportional to tiie difference in said X direction between said present 
position in said X direction of said object and a fixed X position on said sensing plane is m umes 
the difference in said X direction between said presem position in said X direction of said object 
and a center X position on said sensing plane; and 

said amount proportional to the difference in said Y direction between said present posiuon 
in said Y direction of said object and a fixed Y position on said sensing plane is n times die 
difference in said Y direction between said present position in said X direction of said object and a 
center Y position on said sensing plane; 

wherein m and n are numbers chosen to impart a desired speed to the motion of said cursor 

on said display. 

6. -njemetiiod of claim 5 wherein die ratio of m ton is equal to the ratio of the width 
of said sensing plane to tiie height of said sensing plane. 

7 A metiiod for providing an electrical signal for moving a cursor on a display screen 
associated with a computer in response to electrical signals representing of the position of an object 
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in a two dimensional sensing plane, including the steps of: 

providing a sensing plane including a matrix of conductors arranged as a plurality of 
and columns of spaced apart row conductive lines and column conductive lines, said sensing 
characterized by an inherent capacitance on the various ones of said row conductive U , 
column conductive lines, said capacitance varying with the proximity of an object to said row a 
column conductors; 

simultaneously developing a first set of signals proportional to the value of sf 
capacitance for each of said row conductive lines when no object is located proximate to si 
sensing plane; 

simuluneoudy developing a second set of signals proportional to the value of sa 
capacitance for each colunm conducdve lines when no object is located proximate to said sensi, 
plane; 

simultaneously developing a third set of signals proportional to the value of sa 
capacitatKe for each of said row conductive lines when an object is located proximate to sa 
sensing plane; 

simuluineously developing a fourth set of signals proportional to the value of sa 
capacitance for each column conductive lines when said object is located proximate to said sensi, 
plane; 

computing . Hrst weighted average of the difference between said flm set of signals a, 
s«d Uurd set of signals to generate a present-position signal in the X direction of said sensi, 
plane; and 

computing a second weighted average of the difference between said second set of signa 
^ founh set of signals ge«n.te a present-position signal in tire Y direction of said sensi. 

generating first relative position X Bid Y signals representing tire difference between sai 
P«^,.position^gnals in boti. X and Y directions a previous set of present-position signal 
m both X and Y directions; re* 

sending said fu.t relative position X and Y signals to said computer if said object is not i 
said peripheral region of said sensing plane; 

^^"^'ta^'econdrelativepositionXandYsignalsifsaidobjectisinaperipheralregio, 

Of said sensing plane; 

sending said second relative position X and Y signals to said computer so long as sai, 
object IS m said peripheral region of said sensing plane. 

8 The method of claim 7. wherein the steps of simultaneously developing said first 
second, third, and fourth sets of signals includes the steps of: 
placing a first known voltage on said capacitances; 
discharging said capacitances for a fixed time at a fixed cunent; 
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measuring and storing a fust set of resultant voltages across said capacitances; 

placing a second known voltage on said capacitances; 

charging said capacitances for said fixed time at said fixed current; 

measuring and storing a second set of resultant voltages across said capacitances; and 

averaging corresponding ones of said first and second sets of resultant voltages. 

9. The method of claim 7 wherein the steps of computing said first and second 
weighted averages comprises the steps of: 

computing a sum and a weighted sum of said first set of signals; 

computing a sum and a weighted sum of said second set of signals; 

computing a sum and a weighted sura of said third set of signals; 
computing a sum and a weighted sum of said fourth set of signals; 

computing a row numeratoVby subiracdng said wefghted sum of said first set of signals - 
from said weighted sum of said third set of signals; 

computing a row denominator by subtracting said sum of said second set of signals from 

said sum of said fourth set of signals; 

dividing said row numerator by said row denominator to derive a row position signal 

representing the position of said object in a row dimension; 

computing a column numerator by subtracting said weighted sum of said second set of 
signals from said weighted sum of said second set of signals; 

computing a column denominator by subtracting said sum of said second set of signals 
from said sum of said second set of signals; and 

dividiiig said column numerator by said column denominator to derive a column posiuon 
signal representing tiie position of said object in a column dimension. 

10. The metiiod of claim 9 including tiie fiirther steps of: 

storing said sum and said weighted sum of said first and tiiird set of signals as a stored 
sum and a stored weighted sum of said second and fourth sets of signals; and 

using said stored sum and said stored weighted sum in computing subsequent ones of said 
row numerators and denominators and said column numerators and denominators 

using said stored sum and a stored weighted sum for providing an electrical signal 
representative of a subsequent position of said object in said two dimensional plane. 
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